Failure of arteriovenous communications used for chronic hemodialysis was studied during sequential 5-year periods after placement of either endogenous Brescia-Cimino (B-C) fistulas (50 patients) or polytetrafluoroethylene (PTFE, Gore-Tex) grafts (66 patients). Venous stenosis near the anastomosis was the reason for failure in 45% of PITFE grafts compared with 16% of B-C fistulas (p<0.001). Failure occurred, on average, 16 months after PTFE graft placement compared with 22 for B-C fistulas (p=NS). Proximal vein segments removed from five failed and two functioning PTFE graft communications were studied using light and electron microscopy and immunocytochemical techniques. All venous segments removed during surgical shunt repair exhibited a marked intimal hyperplasia. The intimal cellular component was almost exclusively smooth muscle. Accumulation of intracellular lipid droplets was not seen. Foam cells as well as extracellular lipid deposits were absent; macrophages and lymphocytes were absent from the zone of proliferation. Ultrastructural examination revealed a large proportion of extracellular matrix surrounding smooth muscle cells in the neointima. Collagen and elastin were present in the extracellular matrix, in greatest concentration deeper in the intima. Closer to the lumen, most of the extracellular volume consisted of proteoglycan. Hemosiderin was absent from the lesions as were consistent signs of luminal and intimal fibrin. Uniform intimal gradients of actin, collagen, and proteoglycan suggest that this is a steadily progressive, rather than episodic, proliferative response. These clinical and histologic observations and an analysis of hemodynamic stresses support the postulate that upstream release of platelet-derived growth factor, and possibly, shear-induced intimal injury stimulate this response. This myointimal proliferative process provides a readily accessible model of fibromuscular hyperplasia in humans; its understanding may lead to effective methods for its prevention and may provide clues to the pathogenesis of arteriosclerosis. (Circulaion 1989;80:1726-1736 A s a general rule, chronic hemodialysis patients require hospitalization 1 month each year; half of that time is for placement or surgical revision of their arteriovenous communication. Brescia-Cimino (B-C) arteriovenous fistulas or poly-
This process of accelerated venous stenosis could be a maladaptive response to new stresses, including mechanical injury at surgery, exposure to arterial pressure, compliance mismatch, or to the high shear stresses of rapid flow and turbulence. It may be a response aggravated by the altered biochemical state(s) associated with renal failure. It may result from formation and organization of thrombus and its release of mitogenic substances at the site of stenosis or upstream in the PTFE graft. Clues to the role of these and other mechanisms may come from a detailed evaluation of the histology of the occlusive lesion, which has not been completely described previously.
In this report, we compare, clinically, the frequency of venous stenosis in B-C fistulas and PTFE grafts. Furthermore, we describe the intimal cellular and extracellular matrix response of native venous segments exposed to the rapid flow of blood emerging at arterial pressure from the PTFE conduit. We discuss the implications of these observations for the pathogenesis of this lesion.
Methods

Clinical Studies
To define the clinical impact of dialysis shunt venous stenosis and to compare its occurrence in the two most commonly used types of dialysis accesses, we evaluated the follow-up of 116 chronic hemodialysis patients whose accesses were placed by the principal surgical group doing this procedure in Seattle. B-C fistulas were placed in (Figure 2a and b) . Antibodies to other cell types showed very little binding in the neointima (Figure 3a , b, and c). Macrophages were absent from the hyperplastic zone except in limited numbers near the neovascular channels near the base of the intima and, perhaps also, under the central luminal endothelium (Figure 3a) . (Note that antimacrophage antibody HAM-56 also shows variable cross reactivity with endothelial cells.) Lymphocytes and monocytes were also found predominantly in the media and adventitia and rarely in the intima (Figure 3b) . Most of the lymphocytes exhibited positive staining as T-cells (data not shown). In some cases, a limited number of infiltrating vessels were identified at the base of the intima ( Figure 3c) ; this was much more pronounced in the veins of older accesses (8-24 months) than in newer ones. An identical section stained with Masson's trichrome (Figure 3d) (Figure 4a ). The internal elastica, when present, was found just inside the band of medial collagen. These observations were confirmed by TEM (see below).
Proteoglycan staining with alcian blue was most intense in the extracellular matrix (ECM) surrounding the intimal cells nearest the lumen (Figure 4b ). Staining was moderate around cells at the base of the intima, and only faint around cells of the vein media.
Thrombus totally occluded the lumen in three cases; it appeared fresh and relatively uniform in age, without obvious layering suggestive of episodic or protracted thrombus formation. In one case ( Figure 5 Electron Microscopy Ultrastructural examination of the lesion revealed an unusually large proportion of ECM separating the smooth muscle cells (Figures 8 and 9 ). This was especially evident near the lumen where the matrix was strikingly rich in proteoglycan (Figure 8a, b) as demonstrated by ruthenium red staining. Relatively little collagen and elastin were seen in this zone.
Deeper in the intima. collagen fibrils were more abundant (Figure 9a, b) as were elastin bundles.
Although the composition of the matrix changed progressively from inner to outer intima, the cell type remained the same; smooth muscle cells, exhibiting characteristic dense bodies and peripheral cytoskeletal filaments, were the dominant cell type in each region. Many smooth muscle cells appeared to be of the synthetic phenotype27 with large nuclei, extensive rough endoplasmic reticulum, and Golgi complexes (Figure 8a) .
The determination that the lesion was made up almost exclusively of smooth muscle cells was supported by the electron microscope observations. Macrophages and lymphocytes were not seen in the neointima. In contrast to the typical atheroselerotic plaque, lipid vacuoles were scanty; foam cells and extracellular lipid deposits were not observed. Fibrin was sometimes found in the intimal extracellular matrix, but neither in a consistent nor significant amount.
Discussion
Although veno-occlusive disease of arteriovenous communications was recognized as a complication soon after the development of hemodialysis, detailed histologic studies of this lesion are lacking. Glashan and Walker28 first examined veins used in "Quinton/Scribner" external A-V ShuntS29 placed for hemodialysis access. The age of the shunts varied from 24 hours to 6 months. Endothelial damage and loss near the tip of the dialysis cannulas were observed in all specimens. In earlier speCimens, thin deposits of fibrin covered the damaged intima. Later specimens showed thick laminated deposits of fibrin with progressive organization through cellular ingrowth. According to the investigators, the fibrin thrombus became organized by cellular ingrowth, with slow accumulations of fresh fibrin which, in turn, become organized, eventually occluding the lumen. Later, Stehbens and Karmody30 reported two cases of "venous atherosclerosis" downstream of saphenous vein grafts placed for hemodialysis. In contrast to the present study, Stehbens and Karmody observed the characteristics of a more classic atheroselerotic plaque. Deposits of amorphous and granular material were found as well as necrotic muscle cells and cellular debris. Large cells without myofibrils were frequent, many of these cells containing lipid (foam cells). Extracellular lipid with a "few small foci of calcification" was also observed.
The observations of the present study provide certain insights about the nature of these proliferative lesions, especially the role played by smooth muscle cells. Although the composition of the ECM differed substantially across the thickened intima, the dominant cell-type throughout was the smooth muscle cell. At this point, it is unclear why proteoglycans tend to dominate the ECM in the inner intima, whereas collagen dominates deeper in the intima, near the internal elastic lamina. Smooth muscle cells in these two regions appear to differ somewhat in phenotypic expression. Differences in cell maturation are reflected in the antibody staining discrepancy between CGA-7 and HHF-35, demonstrating a decline in smooth muscle actin-specific (CGA-7) staining in the intimal region nearest the lumen. Gown et al.17,2( have previously found CGA-7 to have a reduced reactivity with actively proliferating smooth muscle cells, whereas HHF-35 appeared to react in a more uniform manner independent of cell state. They also found a similar gradient of smooth muscle cell staining by CGA-7 in apparently not mediated by thrombogenic processes or lipid accumulation.
One pathogenic hypothesis that is consistent with these observations is that the lesion represents a variant of the "response-to-injury" model proposed by Ross and Glomset38 In this respect, the dynamics of flow through the shunt may be relevant. Typically, 1,000-1,500 ml blood394() flow per minute through the 3-4 mm diameter feeder artery, the 6-mm PTFE graft, and 3-4-mm proximal vein segment. The state of flow at various points in this course may be smooth (laminar) or turbulent, depending on the Reynold's number. Given blood's viscosity of 0.04 poise and density of 1.0 g/ml,
Reynold's number is 32x O/D, where Q is flow in milliliters per second, and D is lumen diameter in cm. 41 Flow remains, or tends to become, laminar for Reynold's numbers 2,000 or less and turbulent above 2,000. In the feeder artery and proximal vein segment, the Reynold's number is in the range 1,700-2,000, close to turbulent transition but probably laminar in these vessels when lumen diameter is uniform and normal. Turbulence generated by eddy formation beyond the diameter mismatch at the arterial anastomosis would be suppressed because of the relatively low graft Reynold's number in the range 800-1,300. Predictably, these eddies would dampen out over the "inlet length": Li= .027 x Q`75/D375. If eddies generated at the arterial anastomosis were to persist, incompletely damped, along the entire graft, the entry of this turbulent flow into a normal vein segment would generate intimal stresses of 120-240 dynes/cm2, and flow entering a 2-mm venous stenosis would generate a stress of 1,600-3,200 dynes/cm2. Thus, the generation and persistence of turbulence, as suggested by the palpable thrill commonly felt over the PTFE grafts, would provide a mechanism for localized intimal injury in the region of the venous anastomosis and for accelerated luminal narrowing as a response to injury.
A second pathogenic hypothesis is that the platelet activation associated with turbulent shear stresses43 or with repeated thrombus formation after needle puncture in the PTFE graft could release sufficient platelet-derived growth factor (PDGF) 44, 45 to promote downstream smooth muscle proliferation. A compelling argument favoring this idea is the greater frequency of venous stenosis with the PTFE grafts compared with the B-C fistulas (45% vs. 16% during 5 years; p<O0.001) despite comparable shunt flows, venous pressures, and dialysis frequency. The PTFE graft is punctured three times weekly upstream of the venous anastomosis; by comparison, the venous limb of the fistula is punctured at a downstream point. Platelet release products from thrombus at the PTFE puncture site would bathe the anastomosis, but not so for the B-C fistula. Indeed, Reidy46 has described increased arterial smooth muscle cell mitotic activity well downstream of a thrombogenic site in the rat thoracic aorta, possibly stimulated by upstream release of PDGF. This hypothesis may, at first, seem less compelling because the smooth muscle proliferation is localized to the anastomotic region rather than distributed diffusely along the proximal vein. This discrepancy may be explained by postulating that hemodynamic injury at the downstream anastomosis locally increases endothelial permeability to blood products, including growth factors. Thus, injury to the vein plus PDGF release in the graft may combine to provoke this lesion.
An accelerated rate of atherosclerosis has been described among dialysis patients.47,48 However, a risk contribution due to dialysis, independent of hypertension, and lipid abnormality has never been conclusively shown. Abnormal lipid levels have been found in the uremic state. 49 The most common lipid abnormality is hypertriglyceridemia and the predominant pattern is type IV according to the classification scheme of Fredrickson et al. 50 Because of the absence of lipid deposits, macrophages, and foam cells, we believe our results do not support a major role for lipids in the formation of this lesion.
There are several reasons for studying this venous obstructive process of the vascular accesses. First, a better understanding of its pathogenesis may lead to therapy to increase the lifetime of the access. Second, the problem occurs not only at the venous anastomosis of prosthetic dialysis shunts but also at the downstream anastomosis in coronary bypass and peripheral arterial reconstructive grafts.51,52 Concepts developed from study of the shunt disease may apply to these other clinical situations. Third, this process is uniquely accessible; fresh tissue specimens for histochemical analysis are frequently available from dialysis patients after surgical repair. Flows may be measured by Doppler techniques, and pressures and blood samples may be obtained by direct puncture. Contrast radiographic fistulograms are easily performed, making quantitative angiographic assessment of progressive narrowing quite feasible.53,54 Platelet thrombus formation in accesses is readily studied using`11In radionucleotide techniques. 55 In conclusion, this postanastomotic occlusive process in humans affords a readily accessible potential model for the fibromuscular hyperplasia of atherosclerosis and for certain other clinically important anastomotic vascular obstructive processes.
